We added simulated vertical viewpoint jitter and oscillation to radial optic flow displays designed to induce forward vection. Display jitter and oscillation were both found to increase vection strength during, and reduce motion aftereffects (MAE) following, exposure to the optic flow (compared to no-jitter controls). Display jitter, which induced the strongest vection of all the conditions tested, was also found to increase the duration of vection aftereffects (VAE).
Introduction
Almost all perceptual properties change their detection thresholds and are biased towards the opposite quality following adaptation. For example, motion direction (e.g. Nishida & Sato, 1995) , size (e.g. Nishida, Motoyoshi, & Takeuchi, 1999) , orientation (e.g. Sekuler & Littlejohn, 1974) , face (e.g. Moradi, Koch, & Shimojo, 2005) and gender (e.g. Afraz & Cavanagh, 2009) can all generate such aftereffects. In the case of the first example, it has long been known that motion aftereffects (MAE) can occur after prolonged exposure to visual motion. The earliest reports of the MAE date back to ancient Greece, with Aristotle reporting a MAE after viewing the rapidly moving water of a flowing river (Mather, Verstraten, & Anstis, 1998) . In this study we also examine aftereffects of visual self-motion perception, i.e. the vection aftereffect (VAE). The first clear report of a VAE -distinct and separate from the MAE -was only made in 1974 (Brandt, Dichgans, & Büchele, 1974) . It received little further examination until recently showed that the VAE can persist after both the display motion and the MAE had ceased.
Stationary observers can often experience compelling visual illusions of self-motion, referred to as vection (Fischer & Kornmuller, 1930) , when they are exposed to large patterns of optic flow. For example, a vection experience is also likely to occur in Aristotle's above-described scenario -where the observer views a wide, quickly flowing river (e.g. from above on a bridge). This vection will typically occur in the opposite direction to the river's motion during exposure to its optic flow. As stated above, prolonged viewing of this optic flow will generate a MAE when the observer changes his/her view to another, stationary, part of the surrounding scene (e.g. Nishida & Sato, 1995) . However, what happens to the observer's vection experience after prolonged viewing of optic flow? Brandt, Dichgans, and Büchele (1974) reported that vection persisted when observers were placed immediately into darkness following 30 s to 15 min exposure to optic flow. This persistence appears to be the first report of an after-effect of vection. The VAEs found by Brandt, Dichgans, and Büchele (1974) were strongly mediated by oculomotor responses. They used a luminance-defined moving grating that moved rightward or leftward and the subjects' eyes were free to track the rotating drum. Brandt et al. found that the directions of their VAEs were determined by the directions of the subject's optokinetic nystagmus (OKN) and optokinetic after nystagmus (OKAN). More recently showed that VAEs can be induced without oculomotor mediation by using an expanding and contracting optic flows. These expanding and contracting optic flows did not generate smooth pursuit eye-movements. Thus they showed that without oculomotor mediation: (i) vection aftereffects (which they named VAEs) occur in the opposite direction to the vection experienced during adaptation; and (ii) these VAEs are distinct from general motion aftereffects (or MAEs). In this study, radially expanding or contracting optic flow patterns were presented during adaptation, and then after this adaptation period, static dots or dynamic random dots were presented. While VAE duration appeared to be independent of MAE duration (measured on separate trials), VAE duration increased with the strength of the vection experienced during adap-tation. Longer VAEs were found following exposure to radially contracting displays (which induced stronger backwards vection) compared to radially expanding displays (which induced weaker forward vection). Similarly, when vection during the adaptation period was facilitated or inhibited by the presence of a near or far static dot plane (superimposed onto the optic flow display), the duration of the subsequent VAE was increased or decreased respectively. To our knowledge there has been no VAE research other than the two studies described above.
In the earlier study, we examined the relationship of the VAE to the strength of the vection induced by presenting purely radial flow during the adaptation period. Simulated viewpoint jitter and oscillation have both been shown to facilitate the vection in depth induced by such radial flow patterns -see Palmisano, Gillam, and Blackburn (2000) , Palmisano, Burke, and Allison (2003) , Palmisano and Chan (2004) , Palmisano et al. (2007) and Palmisano and Kim (2009) . The exact cause of these jitter and oscillation based vection enhancements is still unknown (see Palmisano et al. (2011) for a review). These enhancements cannot be explained by prevailing sensory conflict accounts of visual self-motion perception, which predict that rather than enhancing vection, this simulated viewpoint jitter/oscillation should impair vection by increasing the visual-vestibular conflict experienced by the stationary observer (as unlike purely radial flow simulating constant velocity self-motion, this jittering/oscillating radial flow should be accompanied by significant and sustained vestibular inputs).
In the present study, we investigated the effects that adding simulated viewpoint jitter and oscillation have on the vection, the MAE and the VAE induced by radial flow. Our radially expanding displays simulated constant velocity forward self-motion in depth, and therefore should induce forward vection during adaptation and contracting MAEs post-adaptation. When visual jitter or oscillation was then added to these radial flow displays, they also simulated continuous random/oscillatory vertical impulse selfaccelerations (similar to the effects of 'camera shake' or 'head bobbing' while walking respectively). We expected that this visual jitter and oscillation would decrease the durations of the MAEs generated following exposure to the radial flow (see the reduced motion adaptation hypothesis in the following paragraph).
We were particularly interested in what would happen to the VAE when, by adding jitter/oscillation to the radial flow, vection was made more compelling during adaptation phase and the MAE was reduced during the subsequent test phase. If the VAE is only dependent on the strength of vection experienced during adaptation, then we would expect VAE duration to be increased by both visual jitter and oscillation, even though MAE duration should be reduced by these flow components. However, if the VAE is mediated by the MAE, then we might expect both VAE and MAE durations to be shortened by adding visual jitter and oscillation. findings suggest that the VAE depends on the strength of the vection experienced during adaptation and is independent of the MAE. Based on these findings, we predict adding simulated vertical viewpoint jitter and oscillation to radially expanding flow will increase the (backwards) VAE.
The reduced motion adaptation hypothesis of the simulated viewpoint jitter and oscillation advantages for vection is as follows. When observers are presented with radial flow simulating constant velocity self-motion in depth, their experience of vection should decrease over time as they adapt to the local 1D motion generated by this flow 2 (Denton, 1980; Salvatore, 1968; Schmidt & Tiffin, 1969) . However, this adaptation may be reduced by adding either simulated oscillation or random viewpoint jitter to the radial display, which in turn may reduce the decline in vection in depth over time. Visual jitter/oscillation are both composed of up-down opposite directional motion signals, which should cancel each other out. Thus, there should be little adaptation to the jitter/oscillation itself. While adaptation should still occur to motion arising from the main radial component of the optic flow, it is expected that jitter and oscillation should reduce this adaptation by acting as noise (which would impair the extraction of this global radial motion signal). One aim of the current experiments was to test this reduced motion adaptation explanation of these two vection advantages for the first time.
Experiment 1
In Experiment 1, we presented subjects with radially expanding optic flow, either with or without simulated viewpoint oscillation, and recorded: (i) the vection obtained during the adaptation period; and (ii) the MAE and VAE durations (in separate trials) following adaptation. Since simulated viewpoint oscillation was expected to increase vection (compared to conditions with purely radial flow), it was also expected to increase VAE durations. However, this oscillation was also expected to reduce MAE durations (as it should act as noise and thereby reduce adaptation to the local motion arising from the radial component of the optic flow).
Method

Apparatus
Stimulus displays (pixel resolution, 1024 Â 768; refresh rate, 75 Hz) were generated and controlled by a computer (Apple MB543J/A). They were rear projected onto a screen by a data projector (DRAPAR; Electrohome Electronics). The experiments were conducted in a darkened room.
Stimuli
Our adaptation and test stimuli were created using OpenGL. They subtended a visual angle of 72°(horizontal) Â 57°(vertical) at the viewing distance of (approximately) 90 cm. The mean luminances of the background and the dots were 0.01 cd/m 2 and 36.65 cd/m 2 , respectively. The subjects observed the stimulus binocularly.
3
The adaptation stimuli were (vertically-oscillating and nonoscillating) patterns of radially expanding optic flow, which were presented for either 20 or 60 s. These self-motion displays were created by positioning 16,000 dots at random inside a simulated cube (length 20 m), and moving the observer's viewpoint to simulate forward self-motion of 6 m/s. In oscillating display conditions, in addition to moving forward, the subject's simulated viewpoint was also oscillated vertically. When present, the amplitude of this added vertical viewpoint oscillation was either 1/3 or 1/6 of the simulated forward movement and the oscillation frequency was either 2 or 4 Hz. We used a triangle wave as the basis for this display oscillation 4 ).
shown that there is no difference in the vection strengths, onsets and durations induced by binocularly-viewed-non-stereoscopic and monocularly-viewed radial flow. This has been replicated many times since. He did find a stereoscopic advantage for vection, when binocular disparities were consistent with the available monocular information provided by his relatively sparse radial flow patterns (Palmisano, 1996 (Palmisano, , 2002 . Subsequent studies with real world motion picture optic flow stimuli have failed to find a significant stereoscopic advantage for vection (e.g. Freeman, Avons, Meddis, Pearson, & IJsselsteijn, 1999; Ohmi, 1998) . 4 Palmisano, Allison, and Pekin (2008) have previously used simulated viewpoint oscillation based on a triangle wave stimulus. The effects on vection were very similar to simulated viewpoint oscillation based on a sinusoidal stimulus.
As dots disappeared off the edge of the screen, they were replaced at the far depth plane (thereby creating an endless optic flow display). Approximately 1240 dots were presented in each frame, and each dot subtended a visual angle of 0.03-0.05°(While the physical size of the dot on the screen was constant, egocentric distances to the different dots varied because the screen was so large). The sizes of these dots remained constant as their simulated distances changed. Moreover, the dots did not form a density gradient. Therefore, there were no static depth cues, and motion perspective was the only depth cue. Ten different adaptation stimulus conditions were examined: two durations of adaptation stimuli (20 or 60 s) by five types of adaptation display oscillation (generated by combining the two amplitudes and the two frequencies of display oscillation, as well as the non-oscillation condition).
After the presentation of the adaptation stimulus, we immediately presented the test stimulus, which was displayed for 10 s. The MAEs and VAEs generated following each of the adaptation stimulus conditions were measured using a static random dot test pattern. It has previously been revealed that even if there is no MAE with a static test stimulus, further MAEs can still be induced with a dynamic test stimulus (e.g. Nishida & Sato, 1995) . Thus, we also examined the MAEs and VAEs generated by adaptation to one display oscillation condition (1 Hz frequency and 1/3 amplitude) using a dynamic random dot test stimulus (Positions of each random dot were refreshed at 75 Hz). The dot density and number (1240) was equal on the entire 2D screen in each frame.
There was no visible patterning surrounding the moving/static stimuli tested. The edges of the screen fell within the subject's field of view (36°and 28.5°out in his/her peripheral visual field). However, since the experiment was carried out in a darkened room and the subject's gaze was focused on the centrally located the focus of expansion, these peripheral static edges were not noticeable. Therefore, we think that there were no effective static references within the visible field. Subjects were instructed to always fixate on the focus of expansion (which was located at the exact centre of the screen).
Subjects
The subjects comprised ten adult volunteers. They were graduate or undergraduate students at Kyushu University (aged between 20 y and 28 y; six males and four females). They had normal vision and did not report having any disease which affected the vestibular system. They had all experienced vection prior to participating in this experiment (either in other vection studies or in demonstrations during psychology lectures). None of the subjects were aware of the purpose of the experiment. Our experiments were pre-approved by ethics committee of Kyushu University and the informed consent was obtained for each subject.
Procedure
Each trial was split into two discrete phases -the adaptation (when oscillating or non-oscillating radial flow was presented) and test phases (when either the static or dynamic test stimulus was displayed). Three dependent measures (based on either vection or the display motion) were obtained for each adaptation phase. VAE and MAE durations were then measured during the subsequent test phase. Vection during adaptation and the VAE were measured in different blocks of trials to display motion during adaptation and the MAE (the order of these vection-VAE and display-motion-MAE blocks of trials was counterbalanced across subjects). Prior to the experiment, the subjects received extensive practice responding to both types of trials while viewing the control stimulus (a non-oscillating pattern of radial flow). During the experiment, the subjects were allowed to rest between the trials. The length and timing of these rest periods were freely determined by the subjects themselves for ethical reasons (to avoid motion sickness).
2.1.4.1. Vection-and-VAE blocks. The vection and the VAE produced by each of the 12 combinations of adaptation-and-test stimuli were measured eight times (i.e. there were 96 vection trials per subject). These 12 stimulus conditions were also tested in separate blocks, with a different random block order used for each subject. We were careful not to give subjects any suggestions about our hypotheses because vection can be modulated by instructions/cognitive bias (e.g. Lepecq, Giannopul, & Baudonniere, 1995; Palmisano & Chan, 2004) . During the adaptation phase, the subject's instructions were as follows: 'Please press the button when you first perceive self-motion. Keep it pressed as long as this experience continues. If such a decision becomes difficult, or if self-motion perception disappears, 5 please release the button. Also, if the perceived direction of your self-motion changes at any time (particularly, following the presentation of the test stimulus), then please report this change verbally to the experimenter'. Subjects were instructed that if they still had the button depressed at the transition (i.e. from the adaptation to the test stimulus), then they should ''keep this button depressed until the perception of self-motion completely disappears, at which point you should release the button''. If the button wasn't pressed at the transition, they should press the button as soon as they experienced self-motion after the transition and release it again only when the perception of self-motion completely disappears. The durations of perceived self-motion experienced during adaptation (i.e. the vection) and test (i.e. the VAE) were inputted as different variables. At the end of each trial, the subjects were also instructed to rate the subjective strength of vection experienced during adaptation via magnitude estimation. They were told that their estimates should range from 0 (no vection) to 100 (very strong vection). While we did not use a standard stimulus for this magnitude estimation, we have used this exact method successfully in several previous studies (e.g. Seno, Ito, & Sunaga, 2009 .
Display-motion-and-MAE blocks.
We also recorded the durations of the MAEs produced by the 12 combinations of adaptationand-test stimuli. This MAE data was obtained by testing the same subjects again in separate sessions. The MAE in each condition was measured five times, producing 60 trials in total. Twelve conditions were tested in blocks, with a different random block order used for each subject. In contrast to the instructions for the vection-and-VAE trials above, the instructions for the display-motion-and-MAE trials were as follows: 'Please press the button when you first perceive coherent motion (either expansion or contraction). Keep the button pressed as long as this display motion continues. If such a decision becomes difficult, or if coherent motion perception disappears, please release the button. Also if the perceived direction of your display motion changes at any time (particularly, following the presentation of the test stimulus), then please report this change verbally to the experimenter'. While the timing of these button presses were recorded in both the adaptation and test phases, we only report the total duration that the button presses after the transition (i.e. the MAE duration) in the current paper.
Results
Vection during adaptation
When viewing each of the adaptation stimuli, our subjects always perceived forward vection (based on their verbal reports). The average vection onset latency, vection duration and rated vection magnitude for each of 12 different experimental conditions are shown in Fig. 1 . The average vection onset latency was about 5.1 s, and the average vection durations were 48.62 and 13.26 s for 60 and 20 s adaptation stimulus duration conditions respectively. Consistent with previous research, we found that vection was more compelling in all of our vertically-oscillating, compared to purely radial, stimulus conditions. There was very little difference in the vection induced by our four different types of display oscillation (i.e. 1 Hz 1/3 amp, 1 Hz 1/6 amp, 2 Hz 1/3 amp, 2 Hz 1/6 amp).
Vection magnitude was found to be significantly stronger in vertically-oscillating, compared to purely radial, adaptation stimulus conditions. We conducted a one-way analysis of variance on the 12 conditions. One-way analysis of variance revealed a significant main effect of oscillation on vection magnitude (F(11, 158) = 54.01, p < 0.01). Multiple comparisons (Tukey's HSD) revealed significant differences in vection magnitude between purely radial displays and displays with all combinations of oscillation amplitude and frequency (p < 0.05).
Vection latency was found to be significantly shorter in vertically oscillating, compared to purely radial, adaptation stimulus conditions. We conducted a one-way analysis of variance (repeated measures ANOVA) on the 12 conditions. This one-way ANOVA revealed a significant main effect of oscillation on vection latency (F(11, 158) = 33.34, p < 0.01). Multiple comparisons (Tukey's HSD) then revealed significant differences in vection latency between purely radial displays and displays with all combinations of oscillation amplitude and frequency (p < 0.05).
Vection duration was found to be significantly longer in vertically oscillating, compared to purely radial, adaptation stimulus conditions. A one-way analysis of variance (ANOVA) of the vection duration data for the 60 s conditions revealed a significant main effect of oscillation (F(5, 54) = 4.37, p < 0.05). Similarly, a one-way analysis of variance (ANOVA) of the vection duration data for the 20 s conditions revealed a significant main effect of oscillation (F(5, 54) = 9.11, p < 0.01). In both cases, multiple comparisons (Tukey's HSD) revealed significant differences in vection duration between displays with purely radial and displays with all combinations of oscillation amplitude and frequency (p < 0.05).
We also conducted two-or three-way ANOVAs on the vection magnitudes, latencies and durations induced by the eight different vertical-oscillation conditions. Display oscillation amplitude and frequency, as well as the duration of the adaptation period, were the three factors examined (data for the 20 and 60 s adaptation periods was pooled for the two-way analysis). In terms of vection latency, the main effects of oscillation amplitude and frequency were all non-significant (amplitude, F(1, 9) = 0.88, p > 0.05; frequency, F(1, 9) = 0.62, p > 0.05) and none of the interactions between these factors were found to reach significance. In terms of vection duration, oscillation amplitude and frequency were all non-significant (amplitude, F(1, 9) = 0.77, p > 0.05; frequency, F(1, 9) = 0.58, p > 0.05) but the main effect of adaptation period duration was significant (adaptation period duration, F(1, 9) = 209.32, p < 0.01). In terms of vection magnitude, three main effects were not significant (adaptation period duration, F(1, 9) = 2.63, p > 0.05; amplitude, F(1, 9) = 0.36, p > 0.05; frequency, F(1, 9) = 0.01, p > 0.05). However, an adaptation period duration by oscillation frequency interaction was found to approach significance (F(1, 9) = 3.80, p < 0.1), which suggested that vection tended to be stronger in 2 Hz (compared to 1 Hz) conditions, but only when the adaptation period was restricted to 20 s.
MAE duration data
Based on our subjects' verbal reports, contracting MAEs were always perceived during the test phase (as opposed to the expanding coherent motion that were perceived during the adaptation phase). The average motion aftereffect (MAE) durations following adaptation are shown in Fig. 2 for each of the 12 different experimental conditions. When adaptation conditions had vertical display oscillation, the MAE that followed was very short, lasting only about 1 s on average. By contrast, when the adaptation conditions had no display oscillation (i.e. purely radial flow), the MAE that followed was relatively long. Thus, as predicted, it appears that adding display oscillation to the adaptation stimulus reduced the subsequent MAE. One-way analysis of variance (ANOVA) revealed significant differences in the MAE durations for the 12 conditions (F(11, 99) = 12.84, p < 0.01). Multiple comparisons (Tukey's HSD) then revealed significant differences: (i) between purely radial displays and all of the displays with vertical display oscillation (irrespective of the frequency or amplitude of the display oscillation in the case of the latter stimulus or the duration of the adaptation stimulus); and (ii) between the 20 and 60 s purely radial conditions (p < 0.05). Thus, these findings reveal significant differences in MAE duration in terms of both the oscillation (i.e. present/absent) and the adaptation period duration manipulations.
We conducted a three-way ANOVA on the MAE duration data for each of the eight different vertical-oscillation conditions. The amplitude and frequency of the display oscillation, and the duration of the adaptation period, were the three factors examined. The main effects of adaptation period duration, oscillation frequency and oscillation amplitude all failed to reach significance (F(1, 9) = 0.95, p > 0.05; F(1, 9) = 2.05, p > 0.05; F(1, 9) = 1.15, p > 0.05). None of the interactions were found to reach significance (p > 0.05).
We also compared the MAE durations produced by these static test stimuli to the dynamic test stimuli (for both the 60 and 20 s adaptation conditions). These T-tests revealed no significant differences in the duration of MAE between static and dynamic test stimuli following either 60 s adaptation (t(9) = 0.69, p > 0.05) or 20 s adaptation (t(9) = 1.02, p > 0.05).
VAE duration data
The average vection aftereffects (VAE) for the each of the 12 different experimental conditions are shown in Fig. 3 . Based on our subjects' verbal reports, all of the VAEs occurred in the opposite direction to the vection experienced during the adaptation period. A one-way analysis of variance (ANOVA) failed to find significant differences in the VAE durations for the 12 conditions (F(11, 99) = 1.45, p > 0.05). We conducted a three-way ANOVA on the VAE data for each of the eight different vertical-oscillation conditions. The amplitude and frequency of the display oscillation, and the duration of the adaptation period, were the three factors examined. The main effects of oscillation amplitude, oscillation frequency and adaptation period duration were all found to be non-significant in terms of VAE duration (oscillation amplitude, F(1, 9) = 0.15, p > 0.05; oscillation frequency, F(1, 9) = 1.94, p > 0.05; adaptation period, F(1, 9) = 0.83, p > 0.05). None of the interactions between these factors were found to reach significance for the VAE duration data. Thus, VAE durations appeared to be relatively constant, irrespective of whether the same adaptation stimuli produced very long or short MAEs. This supports the proposal that VAE duration is independent of MAE duration.
We also compared the VAE durations produced by these static test stimuli to the dynamic test stimuli (for both the 60 and 20 s adaptation conditions). These T-tests revealed no significant differences in the duration of MAE between static and dynamic test stimuli following either 60 s adaptation (t(9) = 1.00, p > 0.05) or 20 s adaptation (t(9) = 0.52, p > 0.05).
VAE-MAE data
Here we replotted the data as the VAE duration minus the MAE duration (Fig. 4) . These duration difference scores were positive for oscillation conditions and negative for the purely radial conditions. This is because, even though the VAE was quite similar for both oscillating and purely radial conditions, the MAE was much reduced by oscillation. Based on these findings, we propose that the VAE is mediated both by the strength of vection induced by the optic flow and the extent of the general motion adaptation that occurs while viewing this flow (reflected by the MAE). That is, during oscillation conditions, the effects of the stronger vection during adaptation and the weaker MAE post-adaptation cancelled each other out -resulting in little or no change in the duration of the VAE. These oscillation conditions did however clearly produce longer VAE minus MAE values than the non-oscillation controls.
One-way ANOVA revealed a significant main effect of 12 conditions, (F(11, 99) = 5.00, p < 0.01). Multiple comparisons (Tukey HSD) revealed significant differences between purely radial displays and displays with all combinations of oscillation amplitude and frequency (p < 0.05).
Correlation analyses
We analysed the correlations between the VAE, the MAE and vection magnitude during adaptation (Pearson product-moment correlations). These correlational analyses examined the data for all 10 subjects on each of the 12 different conditions (i.e. each analysis correlated 120 pairs of data points). We found that the VAE did not correlate significantly with vection (r(118) = 0.03, p = 0.69, 2-tailed). However, the MAE was found to correlate significantly with vection (negative correlation, r(118) = À0.24, p < 0.01, 2-tailed) and the VAE (positive correlation, r(118) = 0.29, p < 0.005, 2-tailed). These findings suggest that the VAE was being mediated by the MAE.
Our failure to find a significant correlation between the VAE and vection magnitude observed appears inconsistent with proposal that they should correlate strongly with each other. We believe that this null finding was due to the fact that the VAE was jointly mediated by both the MAE and vection. This proposal has the potential to explain: (i) our failure to find significant simple correlation between vection and the VAE; (ii) the significant negative correlation between the vection and the MAE; and (iii) the significant correlation between the MAE and the VAE.
Discussion
As expected the MAE was significantly reduced by adding simulated viewpoint oscillation to the radial flow. This is the first scientific report to show this relationship between the MAE and display oscillation. After driving a car, we do not perceive a MAE. This might be partially due to the effects of real world viewpoint oscillation/jitter (an exaggerated example of these effects can be experienced when driving on an unsealed road). As also expected, we found that vection was superior (shorter latencies, longer durations and larger magnitude ratings) in adaptation stimulus conditions which contained vertical display oscillation. Thus, if VAE depended only on the time course and/or strength of the vection induced in the adaptation period, then we would have expected longer VAEs in vertically oscillating, as opposed to purely radial, display conditions. Contrary to this notion, we found that VAE durations were no longer following adaptation to stimuli with vertical display oscillation than following adaptation to control stimuli without this display oscillation. However, we did find that MAE durations were shorter following adaptation to stimuli with simulated viewpoint oscillation (compared to purely radial stimuli). Thus, we propose that the VAE is mediated both by the strength of the vection induced by the optic flow and the adaptation to general motion processing that results from its viewing (as indexed by the MAE).
It is plausible that VAE can be mediated by the length of the MAE and the strength of vection obtained in the adaptation period (from the results of ). In oscillating conditions, the VAE was facilitated by the increased vection experienced during adaptation, but also inhibited by the reduced MAE following adaptation (compared to the VAEs and MAEs generated by purely radial conditions). We propose that these two different effects of display oscillation on vection specific and general motion processing cancelled out any effect on the VAE. However, when one looks at VAE minus MAE values, these difference scores clearly display a marked effect of display oscillation (compared to the purely radial control conditions).
Experiment 2
Experiment 1 examined the effects of adding simulated viewpoint oscillation to radial flow, not only on the vection induced during optic flow stimulus presentation, but also on the MAE and VAE following this stimulus presentation. Simulated viewpoint oscillation was found to increase vection and reduce MAE duration, but had little effect on VAE duration. Experiment 2 examined the effects of simulated random viewpoint jitter on vection during adaptation, as well as on the MAE and VAE following adaptation. Unlike the predictable/periodic simulated viewpoint oscillation examined in Experiment 1, this simulated viewpoint jitter varied randomly in both direction and magnitude from frame to frame (it was more similar to 'camera shake' as opposed to the 'bobbing' experienced during walking), and thus consisted of a range of jitter frequencies (see the description of this jitter below). In principle, this simulated random viewpoint jitter should reduce adaptation to the local motion generated by the radial component of the flow (possibly even more than the addition of predictable simulated viewpoint oscillation -Palmisano, Allison, & Pekin, 2008 ), which in turn should further increase the vection and reduce the MAE. Based on the results of Experiment 1, we were uncertain as to the effect that this simulated random viewpoint jitter would have on the VAE.
Method
The apparatus, stimuli, subjects and procedure were the same as those in Experiment 1 with the following exceptions. Only one condition was tested. In this condition, random simulated viewpoint jitter (i.e. vertical random coherent perspective jitter) was added to every frame of the radial flow display. The amplitude of this virtual camera jitter varied randomly from 0 to 1/6 of the simulated forwards displacement for the frame. Since the sign and magnitude of this vertical jitter varied randomly, it is best represented by a range of frequencies (both high and low) limited by the Nyquist rate (37.5 Hz) specified by the update rate of the data projector (75 Hz). The duration of this adaptation stimulus was always fixed at 60 s.
Results
Vection data
The average vection onset latencies, vection durations, and rated vection magnitudes for the simulated random viewpoint jitter condition are shown in Figs. 5 and 6. We also compared this vection to that obtained during comparable purely radial conditions in Experiment 1. In the latter case, we averaged all of the vection onsets, durations and magnitudes obtained in the 60-s oscillating trials.
A one-way ANOVA revealed that there was a significant main effect of simulated viewpoint change type for vection latency (F(2, 18) = 16.98, p < 0.01). Multiple comparisons (Tukey's HSD) revealed that random jitter conditions produced significantly shorter vection onsets than purely radial conditions (p < 0.05) and did not produce significantly different vection onsets to oscillation conditions (p > 0.05).
There was also a significant main effect of simulated viewpoint change type for vection duration (F(2, 18) = 10.60, p < 0.01). Multiple comparisons (Tukey's HSD) revealed that random jitter conditions produced significantly longer vection durations than purely radial conditions (p < 0.05) and did not produce significantly different vection durations to oscillation conditions (p > 0.05).
Finally, there was also a significant main effect of simulated viewpoint change type for vection magnitude (F(2, 18) = 33.12, p < 0.01) (Fig. 7) . Multiple comparisons (Tukey's HSD) revealed that random jitter conditions produced significantly stronger vection magnitude ratings than both the purely radial and the oscillation conditions (p < 0.05). Previously, oscillation had been found to produce either a similar vection advantage to random jitter (e.g. Palmisano, Allison, & Pekin, 2008) or a more robust vection advantage than random jitter (Palmisano & Kim, 2009 ). To our knowledge, this is the first report that simulated random viewpoint jitter can produce a more compelling vection experience than simulated viewpoint oscillation. While this finding is probably due to stimulus specific factors (such as the larger display used and/or the denser simulated environment), it may have important implications for our understanding of visual self-motion perception, and thus warrants further examination in future studies (see Fig. 7 ).
MAE and VAE duration data
The average VAE and MAE durations found for simulated random viewpoint jitter conditions are shown in Fig. 8 . We also com- pared these VAE and MAE durations to those obtained during comparable simulated viewpoint oscillation and purely radial conditions in Experiment 1.
A one-way ANOVA revealed a significant main effect of the viewpoint change type for MAE duration (F(2, 18) = 19.68, p < 0.01). Multiple comparisons (Tukey's HSD) revealed that: (i) MAE durations were significantly shorter for the random jitter and oscillation conditions compared to purely radial conditions (p < 0.05 in both cases); (ii) MAE durations were not significantly different for random jitter and oscillation conditions (p > 0.05).
Similarly, a one-way ANOVA revealed a significant main effect of the viewpoint change type for VAE duration (F(2, 18) = 4.06, p < 0.05). Multiple comparisons (Tukey's HSD) revealed that random jitter conditions produced significantly longer VAE durations than both oscillation conditions and purely radial conditions (p < 0.05 in both cases).
VAE-MAE data
Here we again replotted the data as the VAE duration minus the MAE duration (Fig. 9 ). These duration difference scores were highly positive for the random jitter condition, less positive for the oscillation condition and negative for purely radial condition. One-way ANOVA revealed a significant main effect of the three viewpoint change type conditions, (F(2, 18) = 11.94, p < 0.01). Tukeys HSD revealed significant differences between the random jitter and oscillation, between random jitter and purely radial and between the oscillation and purely radial conditions (p < 0.05).
Correlation analyses
We also analysed the correlations (for the random jitter condition data only) between the VAE, the MAE and vection magnitude (Pearson product-moment correlations). Consistent with , vection magnitude did correlate significantly with the VAE for this random jitter condition (r(8) = 0.85, p < 0.001, 2-tailed, large correlation). Unlike Experiment 1, the MAE did not correlate significantly with either vection (r(8) = 0.12, p = 0.73, 2-tailed) or the VAE (r(8) = À0.02, p = 0.94, 2-tailed).
Discussion
The vection induced by conditions with simulated random viewpoint jitter in Experiment 2 was more compelling (was rated as having a greater magnitude) than that induced by simulated viewpoint oscillation in Experiment 1. The question is then whether this difference in vection magnitude was also reflected in the VAE and/or MAE data? MAE duration, while reduced compared to purely radial conditions, was similar in the random jitter and oscillation conditions. Thus, we propose that in the case of random jitter, the VAE was largely independent of the MAE, and was primarily dependent on the strength of the vection experienced during the adaptation period.
In Experiment 1, we proposed that in the case of oscillation, the VAE was mediated jointly by the MAE and the strength of vection obtained in the adaptation period . However, the vection obtained in this random jitter condition was not only greater than that obtained in the oscillation and control conditions of Experiment 1, but it was also markedly greater than the vection that obtained in the earlier study. 6 We propose that the extremely strong vection experienced in our random jitter conditions obscured any effect of the MAE on the VAE. This in turn resulted in our failure to find a significant correlation between the VAE and the MAE in Experiment 2. Thus, it would appear that the VAE can be independent from the MAE when the vection experienced during adaptation is very strong/compelling. Alternatively, the lack of correlation between the VAE and the MAE may have been the result of the very short MAEs. Since the MAEs generated by this random jittering condition were extremely short, the random errors were relatively large. As can be seen from Fig. 8 , this was true not only for the random jittering conditions in Experiment 2, but also for the oscillating conditions of Experiment 1 (non-oscillating/purely radial conditions produced much longer MAEs and the random errors was therefore proportionately much smaller).
Here we recalculated the correlations between the MAE and the VAE in Experiment 1 for the oscillating conditions only. Then VAE did not correlate significantly with MAE (r(8) = 0.43, p = 0.20, 2-tailed). Thus, random jitter did not appear to be special case. Whether there was an oscillating or jittering component appears to have been the key factor in whether the VAE was significantly correlated with the MAE.
General discussion
While simulated random viewpoint jitter and simulated viewpoint oscillation were both found to improve the vection induced by radial flow (in terms of onset latencies, durations and rated magnitude), the random jitter advantage was greater than the oscillation advantage (at least under the current stimulus/testing conditions). Adding simulated random viewpoint jitter and oscillation to radial expanding optic flow were both found to significantly reduce the durations of the subsequent MAEs (compared to the contracting MAEs produced by purely radial flow). However, while adding simulated random viewpoint jitter to radial flow was found to significantly increase the durations of the subsequent VAEs (compared to purely radial flow), adding simulated viewpoint oscillation was found to have little or no effect on VAEs. Both of the above oscillation and jitter vection enhancements have been reported previously (see review Palmisano et al., 2011) . However, this is the first report that the random viewpoint jitter can also facilitate the VAE after motion stimulation has ceased. These jitter/oscillation advantages for vection could be (in part) generated by reduced adaptation to the local motion generated by radial component of the flow. We propose that this reduced adaptation to the radial component of the flow was indicated by the observed reduction in MAE duration when visual jitter/oscillation was added to our displays. As noted above, the random jitter advantage for vection was stronger than the oscillation advantage for vection. We speculate that the increase in VAE duration, observed when random jitter was added to the flow, is related to the facilitation of a pure vection mechanism. According to this proposal there may be a vection specific mechanism, in addition to general motion mechanisms, which contributes to both the modulation of vection strength and the VAE.
Two alterative explanations of these jitter and oscillation based effects on vection, the MAE and the VAE are outlined below.
MAE or VAE may serve as indexes of sensory recalibration
When the information from the different self-motion senses does not agree, the brain may engage in sensory recalibration to minimise the conflict. For example, when stationary observers receive prolonged exposure to global optic flow, this visual information about self-motion may come to dominate their vestibular/ non-visual information (which is consistent with them being stationary). Harris, Morgan, and Still (1981) previously proposed that visual MAEs might be evidence of such ''sensory recalibration''. In their study, participants viewed purely radial flow displays simulating self-motion in depth while they were stationary or seated on a moving trolley. Harris and colleagues predicted that if the brain recalibrates during sensory conflict then the stationary and inconsistent trolley motion conditions should produce larger MAEs than the consistent trolley motion condition. Consistent with their proposal, they found that: (i) strong backward/contracting MAEs were produced after viewing radial expansion when stationary; and (ii) these MAEs were reduced when the observer moved forward while viewing the radially expanding display. However, contrary to this proposal, forward/expanding MAEs were only slightly reduced when the observer moved backward while viewing a radially contracting display. Also contrary to this proposal, the MAE was not enhanced when the visually simulated self-motion and the trolley motion were put into conflict. Thus, their MAE-based sensory-recalibration hypothesis only received partial support. Similar results had previously been obtained by Wallach and Flaherty (1975) , which further weakens the case for a MAE-based index of sensory recalibration. It is possible that a revised hypothesis, where VAEs, rather than visual MAEs, serve as the index of the strength of the sensory recalibration, might be able to explain the current results (e.g. random jitter might have produced longer VAEs because the increased sensory conflict it generated led to more sensory recalibration). However, since our experiment did not provide any independent measures of sensory recalibration or sensory conflict, we can only speculate about the recalibration that may have occurred based on the expected level of sensory conflict. The possibility that the VAE might serve as an index of sensory recalibration should be the topic of future research.
Potential eye-movement artifacts
We instructed the subjects to always fixate on the focus of expansion of the radial flow pattern (located at the centre of the motion display). An eye-tracking study carried out by Palmisano and Kim (2009) has shown that under similar conditions to those tested in this study, observers were able to keep their eye-position relatively constant in the presence of display oscillation and jitter (please see central stationary fixation conditions in Fig. 2 of Palmisano and Kim (2009) ). This reduces the likelihood that observer eye-movements influenced the vection, MAE and VAE results in the current experiments. In addition, we did an informal observation with four naïve subjects in which a red fixation point was set on the centre of the screen. The same patterns of results -in terms of vection, the MAE and the VAE -were obtained in these fixation control conditions. However, since we did not track our subjects' eye-movements, it is still possible that slight differences in eyemovements or eye-movement mechanisms (e.g. eye-movement cancellation signals) might have contributed to the current vection, MAE and VAE findings. We cannot completely rule out these possibilities. This would require a re-examination of these jittering and oscillating effects (on vection, the MAE and the VAE) while carrying out simultaneous eye-movement recording and brain imaging.
Conclusions
While adding vertical display jitter and oscillation to radial flow were both found to improve the vection experienced during adaptation, the former jitter/oscillation advantage was greater in the current experiments. MAEs were reduced by similar amounts following adaptation to jittering and oscillating displays (compared to the MAEs obtained following adaptation to purely radial displays). These MAE findings suggest that jitter and oscillation both reduced adaptation to the local motion generated by the radial component of the flow and, in part, explains the more compelling vection in depth experienced in these conditions during adaptation (relative to the control). However, there were marked differences in the VAEs produced by jittering and oscillating displays. Adaptation to random jittering displays produced substantially longer VAEs than adaptation to either the oscillating or purely radial displays -consistent with the observed superiority of the random jitter advantage for vection.
